We report here the successful realization of 25 millions wavelengths per second using an SOA based PL around 1565 nm at a 75 MHz repetition rate. The laser is simply composed of an SOA, a CFBG (10 ps/nm) with a 100 nm bandwidth, an optical circulator, an EOM (intensity modulator), and an output coupler (20%). Pulse duration is around 45 ps and OSNR of the pulse is around 35 dB at 1565 nm without sweeping. Tunable dispersion compensating module (TDCM) was used to compress the chirped pulse output and 10 ps pulse duration was obtained at 1548 nm. Finally 25 megawavelengths per second was realized with under 3 pulses per wavelength and 1024 discrete wavelengths. Linear k-space sweeping function was enabled in the swept-source OCT (SS-OCT) system through graphical user interface (GUI).
INTRODUCTION
Picosecond lasers are enhancing many diverse application areas; from techniques such as optical coherence tomography (OCT), coherent anti-Stokes Raman spectroscopy (CARS), stimulated Raman spectroscopy (SRS), and stimulated depletion microscopy (STED) for biomedical imaging to enhanced drilling, cutting, and etching for laser micromachining [1] . Such applications could make use of fast tuning picosecond tunable lasers in order to perfrom nonlinear imaging. However, the tuning range of most picosecond lasers today is not broad enough and conventional techniques such as active or passive mode locking and gain switching cannot provide the desired fast sweeping rates. Sweeping speed is an essential criteria for picosecond lasers in nonlinear biomedical imaging systems using hyperspectral CARS, SRS microscopes and nonlinear OCT imaging. Such fast sweeping would allow high-speed imaging at high sensitivity which is definitely desired for clinical purposes.
Furthermore, laser specifications are expected to vary widely to precisely fit each application area. As a result the laser needs to be versatile to linear and nonlinear measurement systems at the same time. For an example, swept-source OCT (SS-OCT) requires fast swept source with long coherence length (from a few mm to tens of mm depending on biological samples). Current technologies available in the market are based on quasi-CW lasers. Even though these lasers exhibit state of the art performances, the nonlinear response of tissue samples are not detectable because it requires high peak power in short durations otherwise molecules will be damaged permanently. To produce high peak power and narrow pulse width, people deploy femtosecond fiber lasers or femtosecond Ti:Sapphire lasers. However these lasers cannot support fast wavelength sweep functions due to the inherent passive mode-locking mechanisms required to generate the femtosecond pulses. Rapid wavelength sweep capability is desired for linear or nonlinear spectroscopy and microscopy applications because it can simplify the detection system. Lasers for CARS and SRS should undoubtedly add more complexity because two different wavelengths (pump and stokes) must be synchronized in time and as well as in space [2] [3] . Another intrinsic drawback of using femtosecond pulses in CARS spectroscopy is degraded spectral resolution owing to wide spectral width of laser pulses [4] . One possible weak side of picosecond pulses versus femtosecond pulses would be towards other nonlinear microscopy applications like second harmonic generation (SHG) microscopy and two photon excitation (TPE) microscopy. However it has been also demonstrated that a several picoseconds pulse width is efficient enough to get high contrast image in second harmonic generation (SHG) microscopy and two-photon excitation (TPE) microscopy [5] [6] .
To sum up, each application area typically needs a dedicated laser because laser parameters like pulse width, peak power, repetition rate and so on should be adjusted specifically. We have already demonstrated that pulse widths, repetition rates, wavelengths and output powers can be controlled in Genia's programmable lasers through a simple user interface [1] . In this paper, we present a number of preliminary results showing that optical pulse with 10 ps pulse width is feasible from programmable lasers and wavelength swept speed as fast as 25 Mλ/s (with 3 pulses/wavelength and 1024 wavelengths, the sweep rate is 25 kHz) in k-domain is realized. We believe that the optimized programmable laser will reduce the measurement time and enable real time linear and nonlinear spectroscopic measurements and imaging.
EXPERIMENTAL RESULTS

Laser characteristics without sweeping
Operation principle of general programmable lasers can be found in various references [1] . Programmable lasers are dispersive actively mode-locked fiber-based lasers where the wavelength is decided not by an optical filter but by a timing filter. Since the cavity has a large dispersion, different wavelengths experience difference round trip times and repetition rates. The variable repetition rate of the cavity is determined by the electric signal driving the electro-optic modulator (EOM), which mode-locks the laser. Only the wavelength with the matching repetition rate can oscillate in the laser. Pulse width agile and wavelength agile performances can be implemented by several laser design parameters like the amount of chromatic dispersion, the amount of optical pulse energy, and the electrical pulse width. Fig. 1 shows a programmable laser setup with semiconductor optical amplifier (SOA) as the gain medium. The entire laser cavity is composed of PM components. The cavity dispersion of -10 ps/nm comes mostly from the CFBG which spans 100 nm from 1520 nm to1620 nm. An anomalous dispersion was chosen in order to compress the optical pulse since the SOA induces a positive chirp (self-phase modulation) due to nonlinear gain dynamics [7] [8] . The small signal gain of the SOA is 25 dB. Electric pulse with ~ 200 ps pulse width was used to drive the 10 GHz bandwidth EOM. 10 GHz telecom driver was used to amplify electric pulse from pulser. The fundamental repetition rate of the laser cavity is ~25 MHz, corresponding to an 8 m cavity length. In the experiments, we operated the laser in its third harmonic frequency, so about ~ 75 MHz. Pulse measurements described in Fig. 3 were taken using an optical spectrum analyzer (OSA) and a high-speed oscilloscope with a 45 GHz bandwidth photodetector (PD). As is shown on the left figure in Fig. 3 , the optical spectrum using an SOA as the gain medium is quite different from the pulse spectra obtained using a fiber gain media (Erbium and Ytterbium). It is mainly due to the nonlinear gain response of SOA [7] [8] . Typical optical and temporal pulse shapes are close to Gaussian function when Erbium or Ytterbium doped fiber amplifier are deployed in programmable lasers [1] . The optical spectrum exhibits sharp a peak in the longer wavelengths and a broad tail in the shorter wavelengths region. There are also several small peaks observed in shorter wavelength region. The 3 dB bandwidth was 0.06 nm. It is not certain why there are multiple side peaks in the shorter wavelengths region. It could be Kelly sidebands [9] or certain combined effects coming from the high peak power and the SOA, however, we are still investigating it. The right side of figure in Fig. 3 shows the optical pulse. It shows a 45 ps pulse width at the leading edge and a relatively long trail ~ 150 ps. Asymmetric pulse shape and long pedestal can be readjusted and removed by use of external short time gating. Figure 3 . Typical optical spectrum and pulse shape measured using OSA and high-speed sampling scope. The 3dB spectral width is 60 pm and the pulse duration 150 ps.
As dispersive mode-locked lasers generate chirped pulses, we can compress them to shorten their duration. It was demonstrated that pulse durations as short as a few picoseconds are required in order to get two photon excitation and second harmonic generation images from biological samples [5] [6] . Picosecond pulses can be also used as a seed source for a master oscillator power amplifier (MOPA) for industrial applications like micro-machining and ablation [11] . However for CARS and SRS, longer pulses are better because they are free of non-resonant background and shows high spectral resolution [2, 4, 12] . We conducted pulse compression experiments with tunable dispersion compensation module (TDCM). Fig. 4 shows the schematic diagram of TDCM. It is based on two CFBGs and amount of net dispersion is controlled by temperature (Teraxion). Optical spectrum and pulse trace are described in Fig. 5 when we applied zero dispersion in TDCM. In order to match the peak wavelength of TDCM, we shifted the peak wavelength of programmable laser which is shown in Fig. 3 . As the spectral width of TDCM is narrower than the pulse spectrum, there was spectral filtering out of TDCM. The left figure in Fig. 5 shows the optical spectrum after TDCM. Using numerical simulations, we found that even though a linear chirp is dominant in central part of pulse spectrum, a nonlinear chirp is observed in the shorter wavelengths region. The reason the pulse duration was reduced to 18 ps is that the nonlinear chirp components in the shorter wavelengths region was filtered out.
Fig . 6 shows the pulse after compression with a dispersion of -60 ps/nm from the TDCM. The minimum pulse width was found to be 10 ps. The result was also confirmed with an intensity autocorrelator. If we lower or raise the dispersion strength from -60 ps/nm, the pulse width almost linearly increases. We measured a pulse duration of 16.4 ps at -30 ps/nm and 22.7 ps at -200 ps/nm. According to our numerical simulations, a few ps pulse duration is achievable if we use a shorter electric pulse and a lower dispersion CFBG. In any case, once the optimal dispersion is known, the TDCM can be replaced by a CFBG.
Laser characteristics while sweeping
In conventional SS-OCT sources, wavelength sweeping is realized by rapidly changing the peak wavelength of an optical tunable filter [13] [14] . Wavelength sweeping in dispersive mode-locked lasers is achieved by changing modulation frequencies applied to the EOM [1, 15] . Since our programmable lasers is a pulsed source, the sweep rate, which directly means a number of A scans per second in SS-OCT and denotes the number of pixels in hyperspectral CARS or SRS, is given by the number of pulse per wavelength and the number of wavelengths in the swept optical bandwidth. We will presents characterization results by using the point-spread function (PSF) calculated from the fringe pattern in a standard OCT measurement set-up. Fig. 7 presents interference fringe patterns using SS-OCT setup where a mirror is placed as a sample. It was measured with a 0.5 mm depth in air. For this measurement, we chose 12 pulses per wavelength averaged for 1024 wavelengths between 1530 nm and 1590 nm using equal pulse count in k-space sweep function of our programmable lasers. It corresponds to 6.25 million wavelength/s or 6.1 kHz. As wavelength swept occurs in k-space and not in wavelength space, it is not necessary to do any resampling which is commonly required with conventional SS-OCT system [14] . It is very important to understand the laser dynamic in sweep mode at the various sweep speeds. It takes a number of round trips for any pulse to build up and reach steady state. Of course it is closely related with the coherence length (temporal spectral bandwidth of pulse) of the programmable laser for SS-OCT applications and other nonlinear spectroscopic applications. We also measured a group of point spread functions (PSFs) at different number of wavelengths/s. The PSF were calculated by directly doing the FFT of the raw data. Two figures in the first row in Fig. 8 show PSFs measured in different depths using 0.78 million wavelengths/s. Left figure describes the result in linear scale and right one in logarithm scale. Swept speed was 0.8 kHz and 96 pulses were selected in every 1024 wavelength. Sensitivity roll-off was found to be 6 dB at 4 mm. At the swept speed of 6 kHz (6.25 million wavelengths/s), coherence property of laser was degraded as shown in second row in Fig. 8 . When the swept rate was 25 million wavelengths/s (25 kHz), sensitivity roll-0ff was about 6 dB at 1 mm as shown in the last row of Fig. 8 . We believe it should be possible to get a better signal to noise ratio, longer coherence length, better axial resolution, and faster swept speed if we reduce the cavity length and optimize the SOA as to reduce its inherent nonlinearity. 
CONCLUSIONS
We presented the realization of a 25 million wavelengths/s swept source using a SOA-based programmable laser. Using a 10 ps/nm CFBG, we got 45 ps pulse width and we could further reduce the pulse width as short as 10 ps after pulse compression in a TDCM. According to our numerical simulations, pulses shorter than 10 ps could be obtained if we implement an electrical pulser of 25 ps and lower the dispersion. In order to analyze the swept source signal quality for SS-OCT applications, we measured point spread functions at three different speeds. As a result we obtained sensitivity roll-off of 6dB at length of 4 mm, ~ 1.5 mm, and ~ 1 mm at 0.8 kHz (0.78 million wavelengths/s), 6 kHz (6.25 million wavelengths/s), and 25 kHz (25 million wavelengths/s), respectively. These measurements were taken using linear kspace sweeping function available from graphical user interface (GUI) of our programmable laser. The PSF were obtained by doing a direct FFT of the raw data. We believe that it is feasible to optimize the laser in order to provide longer coherence length, faster swept speed, higher axial resolution, and signal to noise ratio.
